Mixed infection by multiple Mycobacterium tuberculosis (MTB) strains is associated with poor treatment outcome of tuberculosis (TB). Traditional genotyping methods have been used to detect mixed infections of MTB, however, their sensitivity and resolution are limited. Deep whole-genome sequencing (WGS) has been proved highly sensitive and discriminative for studying population heterogeneity of MTB. Here, we developed a phylogeneticbased method to detect MTB mixed infections using WGS data. We collected published WGS data of 782 global MTB strains from public database. We called homogeneous and heterogeneous single nucleotide variations (SNVs) of individual strains by mapping short reads to the ancestral MTB reference genome. We constructed a phylogenomic database based on 68,639 homogeneous SNVs of 652 MTB strains. Mixed infections were determined if multiple evolutionary paths were identified by mapping the SNVs of individual samples to the phylogenomic database. By simulation, our method could specifically detect mixed infections when the sequencing depth of minor strains was as low as 1× coverage, and when the genomic distance of two mixed strains was as small as 16 SNVs. By applying our methods to all 782 samples, we detected 47 mixed infections and 45 of them were caused by locally endemic strains. The results indicate that our method is highly sensitive and discriminative for identifying mixed infections from deep WGS data of MTB isolates.
Introduction
Tuberculosis (TB) remains a great threat to human healthy by causing around 9.6 million new cases and 1.5 million deaths in 2014 [1] . TB is usually caused by infection of a single strain of M. tuberculosis (MTB), but molecular genotyping methods have proven that a patient could be infected with multiple genetically distinct strains, which we refer to as "mixed infection" [2] [3] [4] . Mixed infections could lead both clinical and public problems. Mixed infections with both drug sensitive and resistant strains can lead to discordant drug-susceptibility test profiles, which could complicate the treatment regimen and lead to poor treatment outcomes [2, 5, 6] . Mixed infections could also lead to underestimation of the ongoing transmission of MTB. It is possible that only one strain from a patient of mixed infection is transmitted to a secondary patient. If this strain were not identified from the index case, the transmission would be ignored [7] . The frequency of mixed infection may differ according to the level of MTB transmission in different areas. If mixed infection is common in a given population, a high rate of recent transmission may be indicated.
Mixed infection can be detected by traditional genotyping methods, such as spoligotyping, IS6110 restriction fragment length polymorphism (RFLP), and variable-number tandem repeat (VNTR). Based on such methods, the rates of mixed infection were found ranged from 10-20% in high TB incidence areas [4, 8, 9] . However, the estimated rate based on mathematical model is much higher than we detected [10] , which suggest the sensitivity of these methods are limited. Spoligotyping based detection has the limitation of low resolution as it targets a single locus of the MTB genome [11] . Furthermore, it is difficult do differentiate the spoligotype pattern of mixed strains from that of a single strain when the spoligotype patterns of local strains are similar [8] . The detection of mixed strains by IS6110 RFLP is mainly based on the identification of hybridizing low-intensity bands, which prone to be subjective [12] . VNTR-based detection of mixed infection depends on the identification of multiple bands in one or more VNTR loci. The problem of VNTR typing is that it is difficult to distinguish mixed infections from clonal heterogeneity [13] . Finally, all above methods have limited sensitivities to detected low-abundance DNA from the minor strain in a mixed infection. An abundance of 10% of the minor strain is usually needed to achieve an unambiguous detection by these methods [12, 14] . Recently, some PCR-based methods that target lineage specific markers (i.e., IS6110 insertion, large fragment deletions) could achieve much higher detection limit of the minor strain. However, the resolution of such methods is low, as they could only detect mixed infections by certain MTB lineages/sublineages [4] .
Deep whole genome sequencing, which is based on the next generation sequencing technology, provides ultimate resolution for typing MTB [8] . Single nucleotide variations (SNVs) detected by mapping sequencing reads to a reference genome were usually used to illustrate the genomic distance between MTB isolates [15] [16] [17] . Clinical MTB isolates from solid/liquid cultures are mixture of many bacterial colonies multiplied from the original sputum, thus the deep sequencing data of such samples contains information refer to the genetic diversity of the within host bacterial population. Since MTB is haploid, the existence of an extraordinarily large number of high-quality heterogeneous SNVs may suggest a potential mixed infection [18] . E.g., Köser CU. et al., identified 209 heterogeneous SNVs from an early positive liquid (MGIT) culture and they proved that the patient was infected by two distantly related Beijing strains [19] . Chan J. et al., applied metagenomic analysis to a sample from a 215-year old mummy and identified 398 heterogeneous SNVs after mapping the sequencing data to the genome of H37Rv, which indicates the person had a mixed infection of MTB [20] . However, due to the interference of sequencing error, the calling of high-quality heterogeneous SNVs usually needs relatively high abundance of the minor strain (i.e., >30%) in a mixed infection [18, 19] . Furthermore, only mixed infections caused by genetically distantly related strains (i.e., genomic difference >100 SNVs) could be unambiguously detected by such methods. When only a small number of heterogeneous SNVs are detected, it will be less accurate to tell the heterogeneity is caused by mixed strains or by microevolution after infection [18] . In this study, by taking the advantage of next generation sequencing, we developed a phylogeneticbased method that could achieve a sensitive and discriminative detection of mixed infection of MTB.
Materials and Methods

WGS data collection and SNV detection
We downloaded the WGS data of 782 strains from NCBI SRA database (S1 Table) [16, [21] [22] [23] [24] [25] [26] . The reads of each strain were extracted by Fastq-dump of SRA Toolkit (v2.5.7). The low quality reads were trimmed with Sickle (https://github.com/ucdavis-bioinformatics/sickle). The trimmed reads were then mapped against the artificial genome of the most recent common ancestor (MRCA) of MTB (MTB mrca ) [27] with Bowtie2 (v2.1.0). SNVs were identified using SAMtools/BCFtools (v0.1.18) and VarScan (v.2.3.6).
We used two approaches, SAMtools/BCFtools (v0.1.18) and VarScan (v.2.3.6) for SNV calling. SAMtools/BCFtools was used to call homogeneous SNVs (variant allele frequency 95%), while VarScan was used to call both homogeneous and heterogeneous SNVs (variant allele frequency <95%) from the pileup files generated by SAMtools. In both cases, SNVs were called at loci with minimum depth of 15, minimum mapping quality of 20 and minimum base quality of 20. By SAMtools/BCFtools, SNVs were further filtered according to the variant frequency ( 95%). By VarScan, SNVs were called if they were supported by at least two reads and passed the strand-bias filter at the same time. SNVs in PE/PPE/PGRS genes and transposons were excluded to avoid any concern about inaccuracies in the read alignment in those portions of the genome. Furthermore, SNVs in an additional 39 drug-resistance associated genes [28] were also removed to exclude the possibility that homoplasy of drug resistance mutations would significantly decrease the reliability of phylogeny.
Strain filtering and phylogenomic database construction
Homogeneous SNVs called by both SAMtools/BCFtools and VarScan were used for constructing a phylogenomic database. Firstly, we excluded strains with significantly lower or higher number of homogeneous SNVs using the methods described by Tukey JW [29] . Since MTB strains of the same lineage accumulated similar number of SNVs from the MTB mrca [24] , an extraordinary small or large number of SNVs may indicate artifacts in mapping or variant calling, which may influence the reliability of phylogeny. In total, 58 outlier strains were excluded (S1 Fig). The remaining 724 strains were further defined as clustered/unique strains by pairwise comparison. We found 124 strains were grouped into 52 genomic clusters (difference 10 SNVs within cluster). We randomly selected one genome from the clustered strains, resulted in 652 strains represented as unique genomes. We included all the unique genomes for phylogenomic database construction.
Homogeneous SNVs of the selected 652 strains were combined into a non-redundant SNV list. According to this list, we recovered the base calls for each strain and combined them into a concatenated alignment. We filtered SNV loci that with a frequency of missing data (caused by indels, low coverage or low mapping quality) >5%. The filtered alignment was then used to generate a maximum likelihood (ML) phylogeny by RaxML (v8.0.20) using the GTR nucleotide substitution model. A joint ancestral sequence reconstruction of each node was inferred with HyPhy (2.22). Branch specific SNVs were identified by comparing descendent nodes with the closest ancestral node.
Description of the phylogenetic-based algorithm
The algorithm was designed to detect evolutionary path(s) according to the homogeneous and heterogeneous SNVs of a sample. Mixed infection was determined as if two or more evolutionary paths were detected. The algorithm includes four main steps as follows (S2 Fig). 2. Exclude mapped branches whose coverage (defined as the proportion of the matched SNVs in a branch) are lower than 10% and keep the others as candidate branches (S2B Fig). 3. Extract the evolutionary routes for all candidate branches from the database and assemble them into candidate paths by pairwise comparison, during which the shorter routes were merged with the longer ones that can fully cover them (S2C Fig). 4. For every combination of two candidate paths, determine the diversification node, the shared segment and unique segments of them (S2D Fig) . Then, identify authentic mixed infections by following criteria:
a. For the branches in each segment (the shared segment and two unique segments), at least 60% of them are mapped with coverage 10%.
b. The three branches connected by the diversification node should be all mapped.
Generate synthetic reads for single or mixed MTB strains
We generated artificial genomes for 500 of the 652 strains in the phylogenomic database according to their homogeneous SNVs. For each strain, we created its synthetic genome based on the genome of MTB mrca by replacing the ancestral bases with corresponding mutant bases in the SNV loci. The synthetic genome was then used to generate artificial illumina paired-end reads (with a depth of 100) using ART (v03.09.15), which simulates base quality and sequencing errors by emulating the sequencing process with built-in base quality value profiles and read error models. For the simulation of mixed sample, we selected 25 pairs (S2 Table) of strains from the 500 strains. The genomic distance between strains in each pair ranged from 10 to 1621 SNVs. To monitor mixed infections at different levels, we mixed the simulated reads of the paired strains in different ratios, in which the depth of the minor strain was set as 1×, 2×, 3×, 5× or 10×, with corresponding depth of the major strain as 99×, 98×, 97×, 95×, or 90× respectively to guarantee a total depth of 100×. Similarly, we further generated mixed reads for 52 pairs of MTB strains that were not included in the phylogenomic database (S3 Table) . The synthetic reads of all non-mixed and mixed samples were then mapped to the genome of MTB mrca and SNVs were called by VarScan as mentioned above.
Detection of mixed infection
The genomic SNVs (including both homogeneous and heterogeneous ones) called by VarScan from clinical or artificial samples were used as inputs for detecting mixed infections. The nonmixed samples of 500 individual strains were used to test the specificity of our methods. The mixed samples of paired strains were used to test the detecting sensitivity (defines as the limit of depth of the minor strain) and resolution (defines as the limit of genomic distance between two mixed strains) of our method.
Results
Principle of the phylogenetic-based detection of mixed infection
MTB is a clonal bacterial pathogen whose evolution is mostly a process of stepwise accumulation of genomic mutations [30] . The evolutionary path of a MTB strain could be determined by mapping its genomic mutations onto a reference phylogeny, computed from pre-existing MTB genomes. We defined the MRCA of MTB as ANC 0 in the reference phylogeny (Fig 1) , and defined the MRCA of two MTB strains in a mixed infection as ANC 1 . We called SNVs of each sample by mapping the sequencing reads to the genome of ANC 0 . The phylogeneticbased algorithm was designed to map SNVs to the reference phylogeny and detect potential evolutionary path(s). If two paths are identified, mixed infection will be determined (Fig 1) . These two paths shared a common evolutionary segment from ANC 0 to ANC 1 and diverged into two segments from ANC 1 .
The reference phylogenomic database of global MTB
By excluding SNVs in drug resistance genes, mobile elements and PE/PPE family genes, a total of 68,639 homogeneous SNVs of the 652 MTB strains collected worldwide were used to construct a reference phylogenomic database (S1 Text). Firstly, we constructed a maximum likelihood phylogeny based on the concatenated alignment of these strains (Fig 2A) . According to the phylogeny, global MTB consists of seven major lineages, which is consistent with previous studies [31] . Secondly, we inferred the maximum likelihood sequence of each ancestral node. Thirdly, we inferred the branch specific SNVs by comparing the reconstructed sequence of the descendant node to the closest ancestral node. Excluding the M. canettii (the out-group), the phylogeny consists of 1,313 branches with a median branch length of 41 SNVs (range from 1 to 840 SNVs). The branching events along the phylogeny, together with corresponding nucleotide changes, compose the reference phylogenomic database (Fig 2B) .
Simulation of artificial sequencing data
Synthetic mixed infections with 25 strain pairs that differ in abundance and/or genomic distance were generated to test the sensitivity and resolution of our method (Fig 3A) . Among the 125 simulations, 124 (99.2%) were successfully detected as mixed infections (Fig 3A) . The detected genomic distance between two mixed strains is close to their real distance when the depth of the minor strain is higher than 1× ( Fig 3B) ; most of the detected depth of two strains in each simulation is congruent with the original simulated depth (Fig 3C) . For the only one sample that failed to be detected as mixed infection, it was mixed by a strain pair that has the smallest genomic distance (10 SNVs) and the lowest depth (1×) of the minor strain.
To test the specificity of our methods, we applied the analysis to the non-mixed reads of 500 individual strains. No mixed infection was detected from these samples, which demonstrated a specificity of 100%.
Detecting mixed infection from clinical samples
Among all 782 WGS data, 15 were from single-clone MTB culture [32] . By applying our methods to these data, no mixed infection was detected. For the remaining 767 samples of multiclone MTB culture, we detected potential mixed infection from 47 samples (47/767, 6.1%) ( Table 1 ). The depth of the minor strains in these samples ranged from 2.13× to 100.40×, and the proportion of the minor strains ranged from 0.64% to 35.83%. Of the detected mixed infections, 21 cases were caused by two strains of different MTB lineages. For these cases, an average of 825.8 (from 361 to 1,735) SNVs were mapped to the two strain specific paths. For the remaining 26 cases, infections were caused by two strains of the same lineage (Lineage 2 or 4) and an average of 222 (61-655) SNVs were mapped to the two strain specific paths (Table 1) . In most cases (45/47, 95.74%), the two strains of a mixed infection were belonging to local endemic genotypes (Table 1 ). E.g., mixed infections in Shanghai were all caused by lineage 2 and/or lineage 4 strains.
Discussion
MTB mixed infection would complicate the treatment regime and interfere the resistance profile detecting [2] . In this study, we developed a phylogenetic-based method for detecting mixed infection based on WGS data of MTB culture. Our method is based on a reference phylogenomic database, which could not only overcome bias caused by false positive SNV callings, but also differentiate heterogeneity caused by mixed infections or within-host microevolutions. Such features make our method highly discriminative that could detect mixed infection by two strains with very small genetic distance. The method is also highly sensitive that could detect minority strains with sequencing depth as low as 1×.
Several recent researches reported mixed infections of MTB based on the identification of hundreds of heterogeneous SNVs identified from NGS data [19, 20] . The heterogeneous SNVs called from deep sequencing data in this case could be resulted from PCR/sequencing errors or newly evolved mutations through microevolution after infection, which could confounds the identification of rare alleles of the minor strain in a mixed infection. Consequently, when the frequency of the minor strain is high (i.e., >30%), mixed alleles would be easily identified. Contrarily, if the minor strain is less frequent, it will be unpractical to distinguish mixed alleles from other rare variants. Furthermore, as a number of newly evolved mutations could be selected or drifted to a high frequency within patient [25] , mixed infection could be determined only when the mixed strains are genetically distantly related (e.g., genomic difference >100 SNVs). Our methods successfully exclude the interference of PCR/sequencing errors and newly evolved mutations through mapping SNVs to the phylogenomic database. Since the database is constructed based on homogeneous SNVs that have been fixed in clinical strains, mutations newly evolved after infection will not likely to be mapped to the reference phylogeny. As for PCR/sequencing errors, there are very rare chances they would be mapped to the phylogeny. For the ones that are mapped to the phylogeny, they should appear as sporadic on the tree and there is a small likelihood to observe a series of adjacent branches mapped by such SNVs. Thus, the corresponding paths will be filtered by our algorithm. Recently, several methods have been developed for detecting mixed infection based on deep sequencing data. David et al. developed a maximum likelihood-based method by estimating the proportion of major strain and divergent sites [33] . Sergio et al. developed a method by constructing the haplotypes of mixed strains [34] . However, by applying these two methods to the data of 15 MTB single-colony samples, we found both methods incorrectly identified mixed infections in all of them. Since the influence of sequencing error has been largely excluded in both methods, the false-positive results may be caused by the microevolution, through which newly evolved mutations may be selected or drifted to a frequency that could be identified by deep sequencing.
By our method, the detection of mixed infection requires just 1× read depth from the minority strain. According to the simulation results, when the genetic distance between two strains is higher than 16, mixed infections can be constantly detected when the depth of the minor strains is only 1×. For the 47 clinical specimens detected as mixed infections by our method, the lowest proportion of minority strain is 0.64%, which demonstrated our method is much more sensitive than current genotyping-based detections (e.g. VNTR based detection requires a proportion of more than 10% of the minor strain).
Of the mixed infections detected in clinical samples, most (45/47) of the mixed strains belong to the local endemic genotype, which demonstrates a high reliability of our method. For the two exceptions, both cases are associated with immigrant (Table 1) . Sample N0182 was isolated from London and it was found as a mixed infection by strains of Lineage 1 and Lineage 2. The corresponding patient was born in Malaysia where Lineage 1 and Lineage 2 strains are endemic [35] . So it is possible that this patient was infected with these two strains before migration. The other exception is sample N0041b4 that was isolated from San Francisco and was found mixed with Lineage 6 and Lineage 2 strains. MTB Lineage 6 was not an endemic genotype in San Francisco or in the born place (Vietnam) of the patient. However, as San Francisco is a city of migrants, it's possible that this patient had been re-infected with a Lineage 6 strain from the West African migrants.
The detection of mixed infection by our method is depending on the identification of divergence event (i.e., two strain specific paths) of two mixed strains whose strain specific paths are both completely or partially included in the database (S3A-S3C Fig) . Therefore, if the divergence of two strains is not included in the database (S3D and S3E Fig) , mixed infection will be missed. In the current study, we detected almost all of the mixed infections simulated by 25 pairs of strains selected form the database (Fig 3) . In contrast, by applying our method to simulated data of separate MTB genomes (genomes not included in the reference database, S3 Table) , we found mixed infections by strains of different lineages could be all detected, while many mixed infections by strains of the same lineage were missed (S4 Fig). The undetected mixed infections mainly belonged to pairs of strains with small genomic differences (i.e., <200 SNVs, S4 Fig) , in which cases the divergence of two strains happened more recently and was not included in the database (data not shown). Taken together, a comprehensive reference database is necessary for our phylogenetic-based detection. Since it is impossible to cover all the genetic diversity of global MTB, constructing local databases that contain both remote and recent divergence events of MTB strains in local areas would be an applicable strategy. Moreover, detecting in a recursive way would also increase the sensitivity of our method. As described in current study, we firstly constructed the phylogenomic database using the homogeneous SNVs of the clinical samples, and then we mapped both heterogeneous and homogeneous SNVs of these samples for detection of mixed infections. Similarly, one can integrate homogeneous SNVs of target samples to an existing reference database and then perform the detection. By such strategy, the sensitivity of our method could be guaranteed.
In conclusion, we developed a phylogenetic-based method that could achieve a sensitive and discriminative detection of MTB mixed infection from WGS data. As WGS has been increasingly used for studying the epidemiology of TB, more and more sequencing data of MTB from local areas will be available. Our method provides a solution to inspect mixed infections from those data and enables to gain a further insight into the local TB epidemic.
Supporting Information Table. List of strains separated from our database. These 52 strain pairs were used for simulating mixed infections. (XLSX) S1 Text. The phylogenomic database constructed based on 652 global MTB strains. The database composes 1,313 branches that have been numbered from the root. For each branch, the closest ancestral branch, the evolutionary route from the root, the branch level, the genomic coordinates and nucleotide of corresponding SNVs were recorded. (TXT)
